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Recent in-plane thermal (Nernst) and interlayer (tunnelling) transport experiments in
Bi2Sr2CaCu2O8+y high temperature superconductors report hugely different limiting magnetic
fields. Based on pairing (and the uncertainty principle) combined with the definitions of the Zeeman
energy and the magnetic length, we show that in the underdoped regime both fields convert to the
same (normal state) pseudogap energy scale T ∗ upon transformation as orbital and spin (Zeeman)
critical fields, respectively. We reconcile these seemingly disparate findings invoking separated spin
and charge degrees of freedom residing in different regions of a truncated Fermi surface.
Establishing the fundamental length and energy scales
associated with the superconducting state in the cuprates
is pivotal to understanding the origin of the high tran-
sition temperature Tc. The values of the upper criti-
cal field Hc2 are of particular importance, for they mark
the onset of superconducting correlations and directly in-
form on microscopic parameters such as the coherence
lengths in the superconducting state. Early attempts
[1,2] have demonstrated the difficulty in mapping theHc2
boundary: it lies in part in the high field range required,
but more fundamentally in the large thermal fluctuation
regime [3] and the loss of long-range phase coherence be-
low Hc2(T ), making this limiting field ‘fuzzy’ and hard to
pinpoint using the usual experimental tools, e.g., trans-
port or magnetization. Complicating matters further
is the normal state pseudogap [4] which dominates the
phase diagram [5] and whose still unresolved connection
to superconductivity is central to the issue of the onset of
pairing and coherence. In this context, the stark differ-
ence in the doping dependencies of the pseudogap energy
scale T ⋆ and Tc has been well established: T
⋆ is decreas-
ing (linearly) with charge doping, while Tc follows the
well known superconducting ‘dome’ described by the phe-
nomenological formula [6] Tc/T
max
c = 1−82.6(p−0.16)
2.
In a view where pairing correlations onset at T ⋆ and
then acquire global coherence at a lower energy scale Tc,
the region Tc ≤ T ≤ T
⋆ is a vast fluctuation regime.
The question remains about the doping dependencies of
the relevant magnetic field scales, the field Hc2 limiting
the regime of superconducting response and the pseu-
dogap closing field Hpg. Here we demonstrate the in-
terconnectedness of three magnetic scales: (i) the Zee-
man field corresponding to the onset of spin correlations
at the pseudogap scale T ⋆ and scaling linear with T ⋆;
this field is identified with the experimentally observed
[5] pseudogap closing field Hpg, (ii) the orbital criti-
cal field H⋆c2 quadratic in T
⋆, corresponding to the on-
set of charge correlations and experimentally determined
(→ HNc2) via thermal (Nernst) transport measurements
[7], and (iii) the upper critical field Hc2 that marks the
onset of global superconducting coherence and which has
been experimentally tracked (→ Hsc) through the pres-
ence of large interplane Josephson currents [10]. This last
field, Hsc ∼ Hc2, follows the superconducting ‘dome’ ac-
cording toHsc(p) ∼ 1.4Tc(p) and coincides with the usual
unique upper critical field Hc2 on the strongly overdoped
side of the dome. As we will present below, the distinctly
different orbital (H⋆c2 ∼ H
N
c2) and the Zeeman (Hpg) lim-
iting fields can coexist owing to charge and spin degrees
of freedom separated to different parts of the cuprates’
strongly anisotropic Fermi surface.
Before discussing their interrelation, we first briefly re-
capitulate the origin of the three magnetic field scales
Hsc, H
N
c2, and Hpg. In cuprates, the conventional deriva-
tion of the coherence length ξ through an evaluation
of Hc2 = Φ0/2piξ
2 from transport measurements [8,9]
(Φ0 = hc/2e denotes the flux quantum) has proved no-
toriously unreliable: a consequence of the presence of a
large vortex liquid regime [3] and the lack of sharp fea-
tures in the resistivity. A feature that can be accurately
mapped from the field dependence of the interlayer c-
axis resistivity ρc(H) = σ
−1
c (H) is the peak at Hsc that
corresponds to a crossover from the mostly Josephson
(Cooper pair) tunnelling conductivity σJ (H) at low fields
to that of quasiparticles, σq(H), at fields above Hsc [10].
From the measurements of ρc(H) in Bi2Sr2CaCu2O8+y
[5,10,11] we have found that for all doping levels Hsc(T )
is nearly T -exponential (see inset in Fig. 1).
To understand the temperature dependence ofHsc and
its connection to the coherence length ξ we explicitly
write the experimentally established form for the c-axis
conductivity at high fields [10]
σc ≃ σJ0exp
[
U(H)
T
]
︸ ︷︷ ︸
σJ
+ σq0
(
1 +
H
H⋆c2
)
︸ ︷︷ ︸
σq
; (1)
the two-channel tunnelling process comprises a term
σJ controlled by the thermally activated diffusive drift
of pancake vortices hopping over the energy barriers
1
U(H) in the CuO2 planes [12] and a term σq due to
(nodal) quasiparticle tunnelling [10]. Here, σJ0 and
σq0 are the corresponding T → 0 extrapolations and
H⋆c2 ∼ Φ0T
⋆2/h¯2v2F , where T
⋆ coincides with the gap
in the quasiparticle spectrum [10]. Taking the deriva-
tive of Eq. (1) with respect to H and recalling that
U(H) ∼ U0 ln(a0/ξ) ∝ ln(Hc2/H) for a 2D vortex lat-
tice [13,14], we obtain the expression for the field Hsc
where the maximum in ρc (minimum in σc) will occur,
Hsc(T ) ≈ Hc2
[
σq0
σJ0
T
U0
Hc2
H⋆c2
]
−T/U0
. (2)
Indeed, at low temperatures this high-field Hsc(T )
can hardly be distinguished in the experiments from
a T -exponential behavior [15] [for x → 0, x−x =
exp (−xlnx)→ 1] displayed in the inset of Fig. 1. Hence,
in the zero temperature limit Hsc|T→0 → Hc2(0). Ex-
perimentally, we find the zero temperature values of Hsc
as a function of hole doping to follow a parabolic de-
pendence proportional to Tc(p), defining the ‘coherence
dome’ shown in Fig. 1. Consistent with this, a corre-
sponding ‘dome’-region in the field-doping (H−p) phase
space has been recently mapped [16] from the systematic
doping dependence of the coherence length (the size of
the vortex core) using detailed magnetization measure-
ments in La2−xSrxCuO4.
Let us now consider the field scales corresponding to
the pseudogap energy T ⋆. Recently, Wang et al. [7] de-
duced values of an orbital limiting ‘upper critical field’
HNc2 , past which the charge pairing amplitude should van-
ish. The HNc2 was extracted [17] from a linear extrapola-
tion (to zero) [18] of a remarkably large Nernst signal (at-
tributed to vortex-like excitations surviving beyond the
point where superconducting phase coherence has been
established [3]) and from scaling arguments [7]. HNc2 was
found to decrease steeply with increased doping, imply-
ing that the Cooper pairing potential and the superfluid
density follow opposite trends versus charge doping. This
led Wang et al. to a radical interpretation [7] of the role
of phase fluctuations in the low doping region. Central to
understanding this observation is how the Nernst-derived
HNc2 relates to the gap T
⋆ observed by angle-resolved pho-
toemission (ARPES) [19–21], as well as by the intrinsic
tunnelling [22] spectroscopies: pairing correlations are
quenched through localization in a magnetic field H once
the magnetic length a0 =
√
Φ0/H drops below the pair
correlation length ξ⋆ = h¯vF /αT
⋆. Here, vF is the Fermi
velocity and α is a numerical of order unity [23]. In-
deed, the Nernst-derived magnetic field appears to well
match this condition [7] and hence qualifies as an or-
bital limiting (or critical) magnetic field HNc2 ∼ H
⋆
c2; as
such it scales quadratically in T ∗, µBH
N
c2 ∼ T
⋆2/mv2F ,
where µB is the Bohr magneton. Note that within the
frame of BCS theoryH⋆c2 corresponds to the conventional
Hc2 = Φ0/2piξ
2 ∼ Φ0Tc
2/h¯2v2F . In the cuprates, how-
ever, T ⋆ and Tc are taken to define separate length (ξ
⋆
and ξ) and field scales (H⋆c2 and Hc2) associated with the
appearance of local charge correlations and global phase
coherence, respectively (see [24] for a discussion of Hc2 in
underdoped cuprates; the appearance of two length/field
scales has also been discussed within a BCS-Bose Ein-
stein crossover scenario [25]).
Remarkably, an even higher critical magnetic field
Hpg > H
N
c2 has been derived from c-axis interlayer tun-
neling transport ρc [5]. In these experiments, the recov-
ery of the normal (ungapped) state c-axis conductivity
indicates that the pseudogap T ⋆ closes at a much larger
field scale Hpg (nearly twice at low doping, see Fig. 2).
Again, this limiting field relates to the pseudogap en-
ergy scale T ⋆, this time, however, via the linear Zeeman
relation kBT
⋆ = gµBHpg, where g ∼ 2 [26] denotes the
(spectroscopic splitting) Lande´ g-factor of the Cu2+ ions.
Correspondingly, one argues that spin-singlets are un-
paired at the pseudogap closing field Hpg. Indeed, the
field Hpg relates to T
⋆ via the linear Zeeman scaling ir-
respective of whether the applied field is across CuO2
planes or in-plane [27]. The observed field anisotropy
[28] is only that of the g-factor [29], strengthening the
view that the pseudogap is of spin-singlet origin.
Given the equivalence of the limiting fields Hpg and
HNc2 to the same pseudogap energy scale T
⋆ but via dif-
ferent routes, ‘orbital’ for HNc2 and ‘Zeeman’ for Hpg, we
can simply derive how the two fields relate (as a function
of doping p),
HNc2(p) = H
⋆
c2(p) ≡ α
2µBHpg(p)
mv2F
Hpg(p). (3)
Note that Eq. (3) rests only on pairing (and the uncer-
tainty principle) combined with the definitions of the Zee-
man energy and the magnetic length.
With the Fermi velocity vF insensitive to doping [21],
Eq. (3) predicts a simple quadratic relation HNc2(p) ∝
H2pg(p). A comparison of H
N
c2(T
∼= 0) (see Fig. 2) and
H⋆c2(0), by using most recently measured values for the
Fermi velocity [30] vF ≃ 2 eVA˚ and choosing α ≈ 0.6,
yields a proper collapse of the data in the low doping
(underdoped) regime p < 0.16. HNc2(0) was obtained
in two ways. One, by a simple matching of HNc2 to
Hsc(0) at p >∼ 0.2, where Hsc(0) coincides with the usual
Hc2(0), see Refs. [5,11]. Another, from the ‘universal’
HNc2(T )/H
N
c2(0) vs T/T
N
ons curve implicit in the data of
Refs. [17] and [31]; here TNons is the onset temperature of
the Nernst response. Close to optimal doping, the scaled
and the measured orbital fields part their ways: H⋆c2 en-
ters the superconducting ‘dome’ while the HNc2 follows
its edge, pointing to a remarkable distinction between
the low- and the high-doping sides [21]. It should be
remarked that interlayer tunneling transport is a consis-
tently robust probe of the pseudogap in the underdoped
as well as in the overdoped regimes [5], since it measures
2
electron tunnelling that is sensitive to the spin correla-
tions [27].
Having the two critical fields HNc2 and Hpg related to a
single energy scale T ∗, the question arises how one could
dispose of the same correlation energy twice: via the or-
bital route atHNc2 and then again via the Zeeman effect at
Hpg ≫ H
N
c2 . This ‘double jeopardy’ is naturally resolved
by a strongly anisotropic (truncated) Fermi surface [21],
hosting separated charge and spin degrees of freedom.
A generic starting point is the quantum spin-singlet liq-
uid forming at the energy scale T ⋆ — this spin-liquid
groundstate is void of any long range order and competes
with the antiferromagnet [32–34]. Upon doping, the spin-
liquid becomes energetically favorable, charge and spin
degrees of freedom separate and holes are expected to
condense on the spin-liquid background, turning phase
coherent at a lower energy Tc. Recently, ‘cheap’ vortices
with staggered-flux cores [33] have been argued to de-
stroy coherence above Tc and qualitatively explain the
Nernst data of Ref. [7], see also [35].
A common feature of these theories is the breakup of
the Fermi surface (FS) into regions describing spin-singlet
pairs and charged holes: the spin-pairing opens up gaps
near the (0, pi) points (the FS corners), cf. Fig. 3 — the
corresponding pseudogap energy T ⋆ establishes correla-
tions on the scale ξ⋆ ∼ h¯vF /T
⋆. Upon doping, a trun-
cated Fermi surface appears around the (pi, pi) diagonals.
When charges pair up, they draw correlations from the
spin-singlet background, hence spin-singlet pairing at the
FS corners and hole-pairing at the diagonals derive from
the same energy scale T ⋆ [34,36], see also [37]. While
the pairing energy need not necessarily match the un-
derlying energy scale T ⋆ of the spin liquid, experiments
using scanning tunnelling microscopy (STM) of the vor-
tex cores [35] do show that this is indeed the case in
the underdoped cuprates. We emphasize that in the de-
scribed scenario at sufficiently large doping the separa-
tion is ill defined once the spin- and charge degrees of
freedom merge into Fermi-liquid type quasiparticles.
The above considerations naturally lead to two field
scales Hpg and H
N
c2: the charge degrees are connected
to the orbital field HNc2 obtained from the Nernst trans-
port in Ref. [7]. The in-plane Nernst transport reflects
the dissipation due to nodal quasiparticles [38] in the
vortex cores, with momenta nearly parallel to (pi, pi).
Consequently, HNc2 inhibits hole-pairing at the FS diago-
nals, but does not destroy the spin-singlet pairs around
the FS corners – these spin-singlets are unpaired at the
much higher Zeeman field Hpg. The breakup of the spin-
singlets leaves its trace in the c-axis tunnelling experi-
ment [39]. Hence, the identification of two limiting mag-
netic fields HNc2 and Hpg deriving from the same pseudo-
gap energy scale T ⋆ via an orbital and a Zeeman relation,
respectively, finds a natural interpretation in terms of a
reconstructed Fermi surface with separated charge and
spin degrees of freedom.
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FIG. 1. (Color online) Doping dependence of the peak field
Hsc (half-purple squares) in Bi2Sr2CaCu2O8+y in the T → 0
limit. Hsc(0, p) (in Tesla) ∼ 1.4Tc (in Kelvin, shown as
half-orange squares) shapes the ‘superconducting dome’ de-
fined through the presence of large interplane Josephson cur-
rents and hosting the ‘conventional’ superconducting phase
with recombined quasiparticles. A similar dome-shape is de-
rived from the magnetization measurements of systematically
doped La2−xSrxCuO4, shown as red dots (from Ref. [16]).
Inset illustrates the nearly T -exponential temperature depen-
dence of Hsc(T ) in Bi2Sr2CaCu2O8+y with p = 0.225, point-
ing to the T = 0 value of Hsc. See also Ref. [5].
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FIG. 2. (Color online) Comparison of Hpg, H
N
c2 in
Bi2Sr2CaCu2O8+y, and the transformation from Hpg to H
⋆
c2
via Eq. (3), where we used [30] vF ≈ 1.8 ± 0.2 eVA˚ and
α ≈ 0.6; note the single ‘Hc2’ scale in the low doping regime.
As sketched for emphasis in the inset, the lines HNc2(0) and
H⋆c2(0) split apart upon reaching the superconducting dome
(shaded sky-blue) Hsc(0, p). H
N
c2 data (half-green diamonds)
is from scaling near Tc (Ref. [7]). Light yellow band follows
HNc2(0) (half-green squares) obtained as described in the text.
FIG. 3. (Color online) The breakup of the Fermi surface
(FS) into regions describing spin-singlet pairs and charged
holes: the spin-pairing opens up gaps at the (0, pi) points (the
FS corners) — the corresponding pseudogap energy T ⋆ estab-
lishes correlations on the scale ξ⋆ ∼ h¯vF /T
⋆. Upon doping,
a truncated FS appears around the (pi, pi) diagonals. When
charges pair up, they draw correlations from the spin-singlet
background, hence spin-singlet pairing at the FS corners and
hole-pairing at the diagonals derive from the same energy
scale T ⋆. The separation of spins and holes will eventually
become ‘fuzzy’ in the overdoped regime and there may be an
overlap on the Fermi surface. In this limit the two (in-plane
and out-of-plane) experimental transport probes will not de-
tect the differences.
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